OBJECTIVES: Late hypertension after coarctation repair is associated with high mortality, but its risk factors remain unclear. This study aims to determine early and late postoperative risk factors for late hypertension after coarctation repair.
INTRODUCTION
Up to 20% of patients may die within 3 decades after coarctation repair compared to a matched population due to the accelerated effects of hypertension [1] . The prevalence of hypertension is still unclear, mainly because of the lack of stringent cross-sectional studies using 24-h ambulatory blood pressure (BP) monitoring, now considered the gold standard to detect hypertension [2, 3] . Using this method, a prevalence of 15-61% has been described a decade after repair [4] [5] [6] [7] [8] .
The most intuitive cause for late hypertension is arch reobstruction. However, studies have demonstrated that arch reobstruction may account for only a small proportion of those with hypertension [6, 7, 9] . It has been hypothesized that patients who are hypertensive early after the operation may be more prone to the development of late hypertension [10] . However, the correlation between early postoperative hypertension and late hypertension has not been thoroughly investigated using 24-h BP monitoring.
We decided to perform a cross-sectional study of late hypertension after coarctation repair using 24-h BP monitoring to investigate the correlation between early postoperative hypertension and late hypertension and to identify determinants of late hypertension after coarctation repair. †Presented at the 53rd Annual Meeting of The Society of Thoracic Surgeons, Houston, TX, USA, 21-25 January 2017. ‡The first two authors contributed equally to this study.
MATERIALS AND METHODS

Study population
The study was approved by The Royal Children's Hospital Human Research and Ethics Committee, and written informed consent was obtained from each patient or their parents if they were <18 years of age. Patients who had undergone a coarctation repair at The Royal Children's Hospital, Melbourne, Australia, and were currently living in the state of Victoria were invited to participate in this cross-sectional study. Our initial study of 62 patients who were reported to have a hypoplastic arch at the time of the coarctation repair and another study of 82 patients with normal-sized arches have been previously published [6, 7] . Exclusion criteria were univentricular physiology, age <10 years at the time of study, intellectual disability, and pregnancy. Of the 383 potential patients, 144 (38%) participated in this study and were comparable to the patients who did not, in terms of age, gender ratio, and surgical age.
Patient demographics and cardiac anomalies are summarized in Table 1 . Eighty (56%) patients had a hypoplastic arch at the time of surgery as recorded in the echocardiogram report, the cardiologist's report, or the surgical notes. The list of surgical procedures on the aortic arch and concomitant cardiac procedures are listed in Table 2 . Surgical repair was performed during the 1st year in 99 (69%) patients.
Arch reintervention was required for 30 (21%) patients, 5 of whom required a second arch reintervention. The median time to the first reintervention was 1.5 [interquartile range (IQR) 0.4-10.0] years, with a median of 0.4 (IQR 0.3-0.9) years between the first and the second intervention. The initial intervention was a balloon dilatation without stenting in 20 (67%) patients, a balloon dilatation with stenting in 3 (10%) patients, and a surgical reintervention in 7 (23%) patients comprising patch aortoplasty in 4, excision and end-to-end anastomosis in 2, and patch repair in 1 patient. Of the 5 patients who underwent a second arch reintervention, 3 had a balloon dilatation and 2 had a surgical arch repair.
Study protocol
The study protocol included clinic resting BP measurements, 24-h BP monitoring, and transthoracic echocardiography.
Clinic resting blood pressure measurements. Clinic resting BP in the right arm was measured using the automatic oscillometric method (Dinamap V R PRO 100; GE Healthcare, UK) after at least 5 min of rest in the supine position, with an appropriately sized cuff that covered at least two-thirds of the upper arm. Measurements were taken 3 times, and the mean of the 3 readings was used.
Resting hypertension for children and adolescents was defined as systolic BP or diastolic BP >95th percentile for age and height, and prehypertension between 90th and 95th percentile or if BP was >120/80 mmHg [11] . In adults, resting hypertension was defined as systolic BP > _ 140 mmHg or diastolic BP > _ 90 mmHg, and prehypertension defined as systolic BP between 120 mmHg and 139 mmHg or diastolic BP between 80 mmHg and 89 mmHg [12] . Those taking antihypertensive medications at the time of the study were considered to be hypertensive.
Twenty-four-hour ambulatory blood pressure monitoring.
A validated oscillometric device (Oscar 2; SunTech Medical, SunTech Medical Group Limited, Oxfordshire, UK) was used on the right arm of all patients using an appropriately-sized cuff. The device automatically performed BP measurements every 30 min during awake time and every 60 min during asleep time.
Patients were advised to avoid physical education classes or participation in sport. Hypertension on 24-h BP monitoring was defined in children as mean 24-h systolic or diastolic BP > _95th percentile for a separate reference population, and prehypertension as mean 24-h systolic or diastolic BP between 90th and 95th percentile [2] . In adults, hypertension on 24-h BP monitoring was defined as mean 24-h systolic BP > _135 mmHg or diastolic BP > _85 mmHg, and prehypertension defined as mean 24-h systolic BP between 130 mmHg and 135 mmHg or diastolic BP between 80 mmHg and 85 mmHg [3] . Those taking antihypertensive medications at the time of the study were considered to be hypertensive.
Echocardiography.
Transthoracic echocardiograms were performed using a standard ultrasound machine (Vivid 7, GE Healthcare, UK) with patients in the left lateral decubitus position.
Measurements of aortic diameter were made in 5 different regions by an echocardiography technician blinded to patient history. The 5 aortic regions measured were ascending aorta, proximal transverse arch (between brachiocephalic and left common carotid arteries) and distal transverse arch (between left common carotid and left subclavian arteries), isthmus, and descending aorta. Aortic diameters were converted to z-scores using a separate reference population [13] . An aortic region with a z-score diameter < _-2.0 was considered to be hypoplastic.
Reobstruction of the arch was defined as a peak gradient > _25 mmHg across the repair site on echocardiography.
Left ventricular mass was calculated from 2D-guided M-mode measurements of the left ventricle using the American Society of Echocardiography recommended formula [14] . Left ventricular mass index was calculated by dividing left ventricular mass by (height in metres) 2.7 to minimize the effects of age, gender, ethnicity, and body mass index [15, 16] . Left ventricular hypertrophy in children and adolescents was defined as a left ventricular mass index > _95th percentile (38.6 g/m 2.7 ) for healthy children and adolescents [15] . In adults, it was defined as a left ventricular mass index > _51 g/m 2.7 [16] .
Early postoperative blood pressure measurements.
Patient files were reviewed to assess the presence of early postoperative hypertension before hospital discharge. The recorded BP measurements taken on the last day before hospital discharge that comprised 3 measurements or more were taken into consideration. Systolic and diastolic BP measurements were averaged. Early postoperative hypertension for neonates and children < _12 months of age was defined as systolic or diastolic BP > _95th percentile for age. The reference values used for normal mean BP were taken from a previously published study [17] . The 95th percentiles for each age range were calculated using the following formula: 95th percentile = mean BP + 1.65 (standard deviation).
Early postoperative hypertension for adolescents and children >12 months was defined as systolic or diastolic BP > _95th percentile for age and height [11] . In adults, postoperative hypertension was defined as systolic BP > _140 mmHg or diastolic BP > _90 mmHg [12] . Those taking antihypertensive medications at hospital discharge were considered hypertensive.
Statistical analysis
All data were exported and analyzed using STATA version 13.1 (STATA Corporation, College Station, TX, USA). Data were expressed as mean ± standard deviation or median (IQR) for continuous variables as appropriate. The v 2 test (or the Fisher's exact test as appropriate) was performed to examine the effect of antihypertensive medication on early hypertension, late hypertension on left ventricular hypertrophy, and early hypertension on late hypertension. All collected patient and surgical characteristics and late echocardiogram data were tested for their impact on the outcomes of early hypertension, late arch reobstruction, late left ventricular hypertrophy, and late hypertension by univariable Cox regression analysis using the Breslow method for ties, and all factors shown to have a significant effect were then entered in a multivariable Cox regression in a stepwise fashion using a forward method. A P-value of < _0.05 was considered statistically significant.
RESULTS
Early outcomes
Early hypertension. Satisfactory early postoperative BP measurement records were available for 126 of the 144 (88%) patients. The mean number of days between the operation and the day from which the average BP was calculated was 6 ± 5 days, and the mean number of BP measurements used for the calculation was 4 ± 2.
Hypertension in the early postoperative period was identified in 73 of the 126 patients (58%): 49 of 126 (39%) patients had an average BP > _140/90 mmHg for adults or > _ 95th percentile for children, and a further 24 (19%) were on antihypertensive medication at hospital discharge. Patients who required antihypertensive medication in the early postoperative period had a significantly higher early postoperative systolic BP than patients who did not require early postoperative antihypertensive medications (104 mmHg vs 96 mmHg, P = 0.03).
Early arch obstruction. Early postoperative echocardiographic data before hospital discharge was available for 63 of the 144 (44%) patients. Twenty-three (37%) patients were found to have a persistent arch obstruction with a gradient > _25 mmHg, with only 10 of them being hypertensive. Of these 23 patients, 18 (78%) had a hypoplastic arch at the time of surgery.
Determinants of early hypertension. On multivariable analysis, the absence of an intracardiac shunt (ventricular septal defect, atrial septal defect, and atrioventricular septal defect) or patent ductus arteriosus and undergoing a patch repair correlated with higher mean early postoperative systolic BP (coefficient 9.31, 95% CI 2.91-29.7, P < 0.0001; and coefficient 9.85, 95% CI 1.15-84.6, P = 0.04; respectively; Table 3 ).
Late outcomes
Late hypertension. Measurements of clinic resting and 24-h BP were successful in 144 (100%) and 142 (99%) patients, respectively, a median of 22 years (IQR 16-27 years) after coarctation repair. Mean resting and 24-h systolic BP was 129 ± 14 mmHg and 136 ± 13 mmHg, respectively. Hypertension on clinic and 24-h BP measurements was present in 27% (39/144) and 58% (82/142), respectively, and 2 additional patients (1%) were taking antihypertensive medication and were normotensive on 24-h BP monitoring. A total of 10 patients were taking antihypertensive medication, and 8 (8/10, 80%) of them were still hypertensive on 24-h BP monitoring. Prehypertension on clinic and 24-h BP measurements was present in 51% (73/144) and 18% (25/142), respectively. Of the patients who did not have early arch reobstruction, 59% (23/39) were hypertensive on 24-h BP monitoring or on antihypertensive medication.
Late arch hypoplasia. Arch hypoplasia was present in only 2 patients in the ascending aorta (2%, 2/116), in 4 patients in the proximal transverse arch (4%, 4/112), distal transverse arch (3%, 4/128), or isthmus (3%, 4/124), and in 3 patients in the descending aorta (2%, 3/128). Late hypertension on 24-h BP monitoring was present in none of the patients with a hypoplastic ascending aorta, all 4 patients with a hypoplastic proximal transverse arch, 75% (3/4) of patients with a hypoplastic distal transverse arch, all 4 patients (100%) with a hypoplastic isthmus, and in 66% (2/3) of the patients with a hypoplastic descending aorta.
Late arch reobstruction. Thirty-three of the 144 (23%) patients had a significant arch reobstruction on echocardiography and 23 of them (23/33, 70%) were hypertensive on 24-h BP monitoring or on antihypertensive medication. Of the 84 patients with hypertension on 24-h BP monitoring or on antihypertensive medication, only 23 (27%) patients had an arch reobstruction. Two patients with arch reobstruction were on an antihypertensive medication and both were still hypertensive on 24-h BP monitoring. Eleven patients were found to have an arch reobstruction in both the early postoperative period and the late cross-sectional study. Six of these 11 patients had undergone an arch reintervention between their initial surgery and their participation in this study. No independent risk factors for late arch reobstruction could be determined (Supplementary Material, Table S1 ).
Late left ventricular hypertrophy. Table S3 ). The same observation was observed when the patients with late arch reobstruction were excluded [64% (37/58) vs 36% (21/58), P = 0.03].
On multivariable logistic analysis, early postoperative hypertension and maximum descending arch velocity on echocardiography were associated with late hypertension on 24-h BP monitoring (odds ratio 2.21, 95% confidence interval 1.05-4.66, P = 0.04; and odds ratio 2.28, 95% confidence interval 1.08-4.81, P = 0.03; respectively; Table 4 ).
COMMENT
On the basis of our study's findings, it is likely that more than half of these young adults will develop hypertension despite successful coarctation repair. This finding is of great concern as hypertension may lead to premature death in this population [1] . A better understanding of the mechanisms leading to hypertension in this population is crucial if we want to prevent late adverse outcomes related to hypertension. In this large cohort of 142 patients with 24-h BP monitoring, we demonstrated a correlation between late hypertension and the degree of arch reobstruction on echocardiography. Even patients traditionally classified as having normal arch gradients were still at increased risk of developing late hypertension. Patients were twice as likely to develop late hypertension for every 1.0 m/s increase in maximum descending arch velocity compared to patients without an arch gradient.
However, as there were many patients who suffered from late hypertension without any arch reobstruction, it is clear that there must be other factors contributing to its development. These may include neurohormonal factors, such as elevated muscle sympathetic nerve activity and dampened sympathetic baroreflex response, or vascular abnormalities, such as impaired endothelial function and increased arterial stiffness [8] . These abnormalities may have been present from birth as coarctation is likely to be part of a generalized vasculopathy rather than a simple isolated aortic narrowing [18] . It has been hypothesized that an increased pressure load in the proximal aortic arch prior to relief of coarctation may activate an irreversible neurohormonal cascade responsible for the development of hypertension [19] . Interestingly, our finding that patients with an intracardiac shunt or patent ductus were almost 10 times less likely to develop early hypertension would be in favour of this hypothesis, although these shunts did not seem to contribute to the development of late hypertension. The presence of early postoperative hypertension, even in the setting of successful coarctation repair, and the fact that these patients are at higher risk of becoming hypertensive as young adults, further corroborates this hypothesis. Proposed hypotheses for early postoperative hypertension include the activation of the sympathetic nervous or renin-angiotensin systems, autonomical dysfunction, or elastic abnormalities in the aorta [20, 21] .
Most of these young patients do not have a very stringent follow-up [22] . In particular, 24-h BP monitoring has not been of routine practice in most centres. It is likely that we can now identify patient subgroups that could be at higher risk of developing late hypertension, such as patients who display early postoperative hypertension, and closer follow-up of these higher risk patients is likely warranted.
Our findings reinforce the importance of a stringent follow-up for any mechanical arch or outflow tract obstructions with prompt investigation and early relief of these to reduce the risk of developing late hypertension [23] . In this young cohort of patients, 45% of patients had left ventricular hypertrophy. The lack of a correlation between left ventricular hypertrophy and late hypertension is well known [24] , even in successfully repaired coarctation patients [25] . This lack of a correlation may be related to the poor utility of measuring hypertension to assess afterload burden in these patients, genetic predispositions to developing left ventricular hypertrophy unrelated to hypertension, or it may even imply evidence of decreased aortic elasticity possibly due to an activation of a neurohormonal cascade. 
Limitations
Variability of 24-h BP monitoring within the same patient has been previously described [26] . Due to the historical nature of this study, the results presented may not accurately reflect current practice, and we were unable to access a preoperative echocardiogram or catheter data to objectively examine for arch hypoplasia, or an early postoperative echocardiogram or early follow-up letter in all patients. Similarly, we were unable to examine serial BP and echocardiographic data due to the level of missing data. Retrospective estimation of early postoperative hypertension is not as reliable as prospective screening of these pressures. The results of our study may have been different depending on the mode of investigation for residual arch obstruction. Angiographic catheterization was excluded because of its invasiveness and magnetic resonance imaging because of its cost. We have previously demonstrated the superiority of transthoracic echocardiogram over conventional arm-to-leg gradient even though echocardiography may be difficult in adult patients [6] . Therefore, we have abandoned the use of arm-to-leg gradient for determining arch reobstruction. The influence of arch geometry on our outcomes was unable to be determined as we did not perform cardiac computed tomography or magnetic resonance imaging scans.
The participation rate for the study was within the expected range. However, we cannot exclude the possibility that the studied population was not representative.
CONCLUSIONS
There is a high prevalence of late hypertension after coarctation repair. Arch reobstruction may be a major determinant of late hypertension. Early postoperative hypertension may identify very early in life those at risk of developing late hypertension. Stringent follow-up is warranted.
